The formation and recall of long-term memory (LTM) requires neuron activity-26 induced gene expression. Transcriptome analysis has been used to identify genes that 27 have altered expression after memory acquisition, however, we still have an incomplete 28 picture of the transcriptional changes that are required for LTM formation. The complex 29 spatial and temporal dynamics of memory formation creates significant challenges in 30 defining memory-relevant gene expression changes. The mushroom body (MB) is a 31 signaling hub in the insect brain that integrates sensory information to form memories. 32 Here, we performed transcriptome analysis in the Drosophila MB at two time points after 33 the acquisition of LTM: 1 hour and 24 hours. The MB transcriptome was compared to 34 biologically paired whole head (WH) transcriptomes. In both, we identified more 35 transcriptional changes 1 hour after memory acquisition (WH = 322, MB = 302) than at 36 24 hours (WH = 23, MB = 20). WH samples showed downregulation of developmental 37 genes and upregulation of sensory response genes. In contrast, MB samples showed 38 vastly different gene expression changes affecting biological processes that are 39 specifically related to LTM. MB-downregulated genes were highly enriched for 40 metabolic function, consistent with the MB-specific energy influx that occurs during LTM 41 formation. MB-upregulated genes were highly enriched for known learning and memory 42 processes, including calcium-mediated neurotransmitter release and cAMP signalling.
Introduction
Flies used for analysis were heterozygous for both R14H06-GAL4 and a GFP-bound nuclear membrane tag UAS_unc84-2XGFP (unc84), referred to as Mb-unc84. The R14H06 GAL4 line was used to drive the expression of unc84 as it is specific to the Kenyon cells of the α/β and γ lobes of the mushroom body, regions still requiring further investigation during LTM. Fly heads were obtained from samples of 50-60 flies through flash freezing with liquid nitrogen, followed by vortexing and separation through a series of sieves. Fly heads were then suspended in homogenization buffer and nuclei released into solution through chemical and physical agitation of the cell membrane. A whole head fraction (WH) was then taken from this homogenate as a representation of the whole fly head, containing both MB-specific GFP nuclei and untagged non-MB nuclei. Anti-GFP bound beads were then used to isolate GFP-positive nuclei from the whole head homogenate to represent the mushroom body-specific fraction (MB). RNA was then isolated from both WH and MB-fractions, cDNA libraries prepared and next-generation sequencing performed. Differential expression (DE) analysis was then performed between trained flies and untrained, naïve flies. B) To provide evidence of normal LTM functioning in flies used for analysis, a subset of flies from each day of training were tested for retained courtship suppression 24 hours later (24h-AR). Individual trained and naïve male flies were introduced to a pre-mated female, videoing their interactions for 10 minutes and quantifying observed courtship behaviours. The amount of time spent courting is represented as a courtship index (C.I.). For this experiment, n = 23 and n =29, respectively, for naïve and trained flies; **** p < 0.001 Mann-Whitney U-test.
literature 19, 25, 27 , demonstrating that UAS-unc84::GFP expression in the MB does not 144 interfere with normal courtship memory. 145 
146
INTACT yields high-quality MB-enriched RNA 147 To provide evidence that our approach could obtain nuclei specific to the MB, we unc84 were overrepresented in the MB samples ( Figure 2B) . Notably, unc84 172 expression was highly enriched and highly consistent across all biological replicates 173 suggesting a high degree of consistency in MB-enrichment after INTACT.
174
To provide further evidence that the nuclei we isolated displayed MB-specific 175 gene expression profiles we performed differential expression analysis between all MB (Table S2) . 187 Finally, we examined gene ontology (GO) terms enriched for biological processes (BP), 188 molecular functions (MF), as well as cellular components (CC), among our lists of MB-enriched and WH-enriched genes ( Figure 2D , Table S3 ). The most enriched GO terms 190 for MB-enriched genes were "cAMP-dependent protein kinase complex" (CC) and 191 "adenylate cyclase-activating dopamine receptor signaling pathway" (BP) (Figure 2D) , 192 which fits with the known importance of dopaminergic modulatory neurons and cAMP changes at 1h-AR and 24h-AR ( Figure 3B and 3C, Table S5 ). In WH samples, four 216 clusters were identified with two distinct trends: cluster 1 and 2 (n=22 and 127) 217 contained genes that were downregulated at 1h-AR and either reduced or not changed 218 at 24h-AR (WH-down, Figure 3B and Table S5 ). Cluster 3 and 4 (n = 72 and 114) 219 contained genes that were upregulated at 1h-AR and either less upregulated or not 220 changed at 24h-AR (WH-up - Figure 3B and Table S5 ). For MB samples k-means 221 clustering revealed five clusters with three distinct expression trends. Cluster 1 (n = 30) 222 contained genes that were downregulated at 1h-AR and upregulated 24h-AR. Clusters 223 2, 3, and 4 (n=2, 13 and 120, respectively) contained genes that were downregulated at 224 1h-AR and either downregulated or not changed at 24h-AR (MB-down - Figure 3C and 225   Table S5 ). Cluster 5 (n = 174) contained genes that were upregulated at 1h-AR and 226 either upregulated or not changed at 24h-AR (MB-up- Figure 3C and Table S5 ). This 227 clustering allowed us to identify gene groups with similar expression trends and 228 emphasized the relatively strong effect of sexual rejection at 1h-AR. Regulation of neurotransmitter secretion 16.9
Regulation of membrane potential 10.48
Locomotor rhythm 9.72
Synapse assembly 9.28
Negative regulation of translation 8.52
Courtship behavior 6.59
Adult behavior 6.44
Learning or memory 6.24
Fold difference
Triglyceride metabolic process 21.99
Tricarboxylic acid metabolic process 13.49
Antibiotic metabolic process 10.89
Monocarboxylic acid biosynthetic process 8.61
Generation of precursor metabolites and energy 6.26
Cofactor metabolic process 5.48
Oxidation-reduction process 4.73 3 up or down) was determined through DE analysis of all three experimental conditions (1h-AR vs naïve, 24h-AR vs naïve and 24h-AR vs 1h-AR). Log2 fold change data was obtained for significant genes at both one hour, as well as 24-hour time points and clustered using k-means. Four clusters were identified with two distinct trends. Cluster 1 and 2 were downregulated at both time-points (WH-down) and cluster 3 and 4 were upregulated at both time-points (WH-up). Heatmap shows the individual log2 fold changes for each clustered gene. Scatter dot plot shows log2 fold changes for genes with similar expression trends. C) A list of 343 MB DE genes (q < 0.05, fold difference 1.3 up or down) was determined using the same approach as that used for WH DE genes. Log2 fold change data was obtained for significant genes at both one hour, as well as 24-hour time points and clustered using k-means. Five clusters were identified with three distinct trends. Cluster 1 was downregulated 1h-AR and upregulated 24h-AR. Cluster 2, 3 and 4 were downregulated at both time-points (MB-down). Cluster 5 was upregulated at both time-points (MB-up). Heatmap shows the individual log2 fold changes for each clustered gene. Scatter dot plot shows log2 fold changes for genes with similar expression trends. D) GO analysis results using PANTHER for biological processes for WH-down genes (p <0.05, Binomial test with Bonferroni correction, sorted by hierarchical view). The top nine GO terms, representing each ontology class and containing at least five genes, are displayed, sorted by fold enrichment. E) GO analysis results using PANTHER for biological processes for MB-down genes (p <0.05, Binomial test with Bonferroni correction, sorted by hierarchical view). The top seven GO terms, representing each ontology class and containing at least five genes, are displayed, sorted by fold enrichment. F) GO analysis results using PANTHER for biological processes for WH-up (p <0.05, Binomial test with Bonferroni correction, sorted by hierarchical view). The top five GO terms, representing each ontology class and containing at least five genes, are displayed, sorted by fold enrichment. G) GO analysis results using PANTHER for biological processes for MB-up genes (p <0.05, Binomial test with Bonferroni correction, sorted by hierarchical view). The top 10 GO terms, representing each ontology class and containing at least five genes, are displayed, sorted by fold enrichment.
almost exclusively, enrichment of GO terms related to development, for example, 236 "metamorphosis", "cell differentiation", and "cell migration" (Figure 3D and Table S6 ). 237 For MB-down genes (n = 135, Figure 3C ) we observed enrichment only of GO terms 238 related to metabolism (Figure 3E and Table S6 ). In fact, over half (n=73) of the MB-239 specific downregulated genes are annotated with the term "metabolic processes" (Table   240 S6). Notably, there was no overlap in enriched GO terms between WH-down and MB- Figure 3B ) all enriched GO terms were related to 252 biological responses, such as "cellular response to light stimulus", "humoral immune 253 response", "response to other organism", and "taxis" (Figure 3F and Table S6 ). 254 Indeed, 62 of the WH-up genes were annotated with the term "response to stimulus" 255 (Table S6 ). GO terms related to biological response were also enriched for MB-up 256 genes (n = 174, Figure 3C ). There were 5 enriched GO terms common to WH-up and . Each node is colour coded to represent selected stimulus", "response to external stimulus", and "taxis") ( Table S6 ). Yet the MB-up gene 259 group showed many more enriched GO terms -181 compared to 15 for WH-up -260 suggesting a high level of functional relatedness in this gene group. Using annotated 261 protein-protein and genetic interactions, we identified a network 54 MB-up genes 262 (Figure 4) . This network was comprised of genes encoding ion channels, transcription 263 factors, RNA binding proteins, and genes with functional annotations related to synapse 264 formation, synaptic signaling, behaviour, and learning and memory (Figure 4) . 265 Interestingly, the most enriched GO categories that were unique for MB-up genes were 266 related to synaptic plasticity (e.g. "regulation of calcium ion-dependent exocytosis"), (Figure 5) . 314 Finally, we also observed upregulation of many genes encoding transcription 
338
In our study, we compared males that experienced sexual rejection to naïve 339 socially isolated males. Although samples were collected at least one hour after 340 exposure to a female fly, it is impossible to conclusively differentiate between 341 transcriptional changes that occur because of sexual rejection -and long-term memory 342 formation -and changes that might happen in response to any social interaction.
343
Previous studies have looked at gene expression changes that occur in whole heads in 344 response to courtship, male-male interactions, and mating 37,38 . As could be expected, 345 in WH samples we do observe a significant overlap with those studies (36 genes, 1.5-346 fold enrichment, p = 0.009). This suggests that some gene expression changes in whole 347 heads represent general responses to social interactions. In contrast, we see no 348 significant overlap between genes identified in these studies and genes that we observe to be changed in the MB. In addition, the MB is not required for normal male-female 350 interactions like courtship behaviour or mating as MB-ablated flies reproduce normally 351 and even show normal learning in response to sexual rejection 18, 19 . Therefore, it is 352 reasonable to suggest that MB-specific gene expression changes we observed are 353 likely related to memory acquisition.
354
The nature of the genes and biological pathways that are differentially expressed 355 specifically in the MB after memory acquisition strongly suggest a role in memory. The
356
MB-specific changes in metabolic gene expression that we observe correlate well with 357 the MB-specific energy influx previously described for appetitive olfactory conditioning (Figures 3-5) . 367 Some genes, like stau and fru, were previously shown to be upregulated in whole heads 368 during and after olfactory 9 or courtship memory 10 , respectively, further validating our 369 approach and results. However, in general, other Drosophila memory transcriptome 370 studies have not observed such a profound effect on known memory related genes and 371 pathways 9-12 . This is likely due to both the sampling time and cell type we investigated. MB-specific analysis, coupled with an appropriate sampling time, has revealed a parallel 398 mechanism to mammals that has not previously been observed in flies, where the 399 induction of neuron activity induced genes is observed following memory acquisition.
400
In the future, it will be important to further refine the cell types and sampling times 
